INTRODUCTION
It has been hypothesized that the current climate system resides near a threshold, whereby a slight temperature increase may trigger the oscillating tropical ocean-atmosphere system to collapse into a permanent El Niño state (Fedorov et al., 2006; Ravelo et al., 2006; Wara et al., 2005) , with profound implications for global climate. Yet, the low resolution of the paleorecords used in these studies compromises their ability to describe interannual variability, making the reliability of such conclusions questionable (Haywood et al., 2007; Rosenthal and Broccoli, 2004) . The relationship between El Niño Southern Oscillation (ENSO) variability and the longer term mean climatic state is of crucial importance to future climate predictions and remains controversial (Collins et al., 2005; Seager et al., 2007; Trenberth and Otto-Bliesner, 2003 ). Short of waiting for hypothesized collapses to occur, a promising approach to test these predictions is to compare annually resolved paleoclimate records from warmer episodes in Earth history with global climate models capable of simulating potential ENSO variability. In the tropics, suitable records for many time slices are scarce. However, since ENSO exerts teleconnections to higher latitude regions, records from these areas provide a possible alternative if accompanied by evidence that such teleconnections existed at the time in question.
Here we present an evaporite varve (halovarve) thickness record of Late Miocene age (ca. 5.6 Ma) from the Mediterranean. The Late Miocene was characterized by elevated global mean temperatures and weaker than modern meridional temperature gradients (Crowley and Zachos, 2000) , though atmospheric CO 2 concentrations were similar to today (Pagani et al., 2005) . The modern Mediterranean region has complex interannual climate variability, with a weak but signifi cant ENSO teleconnection (Bronnimann et al., 2007) competing with local oscillatory modes such as the North Atlantic Oscillation (NAO) (Luterbacher, 2006) for infl uence over temperature and precipitation. We compare the evolutionary power spectrum of the Miocene halovarve thickness record with those of the modern ENSO and NAO, and run a fully coupled climate model simulation to investigate the extent of Miocene ENSO teleconnections relative to today.
MATERIALS AND METHODS
The halovarves comes from the Gesso balatino facies of the Gessoso Solfi fera formation, deposited during the Lower Evaporites phase of the Messinian salinity crisis (5.96-5.32 Ma) (Krijgsman et al., 1999) . The balatino is a laminar alternation of gypsum and shales considered to result from primary deep-water sedimentation during annual rhythms (Ogniben, 1957) . More recent work suggests that most of the balatino gypsum represents the fi ne-grained product of low-to high-density gravity fl ows (Manzi et al., 2005) . Here we focus on balatino facies showing a grass-like growth structure of the gypsum, which suggests a primary nature of the halovarves. Thin sections of the halovarves were analyzed by laser-ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) scanning and optical microscopy to establish the geochemical and sedimentological characteristics of the sequence. The varves consist of millimeter-scale layers of intergrown gypsum crystals in which thin horizons of fi ne-grained detrital material are embedded (Fig. 1) . Couplet thickness varies from ~0.5 to ~1.5 mm and is dictated by gypsum layer thickness, which accounts for >90% of the total material. By calculating the gypsum precipitation rate in a hypothetical isolated basin in the modern Mediterranean, we show that the couplets most likely were deposited annually (see GSA Data Repository 1 ). Assuming the detrital inputs to occur at the same stage of each annual cycle, the amount of gypsum accumulated between detrital horizons represents the severity of evaporative conditions during the year. Accordingly, we digitally analyzed a thin-section photomicrograph to construct a 250 yr varve thickness record from halovarves exposed near the village of Portonovo in the Mezzavalle beach area (43°34′9.57″N, 13°34′29″E) on the Adriatic coast of Italy. Digital records, obtained using ImageJ software, were compared to manual counting of the couplets confi rming image analyses data. We then performed an evolutionary spectral analysis on this record, using a series of Matlab algorithms modifi ed from Muller and MacDonald (2000) , to investigate periodic components in thickness variability. The same analysis was performed on instrumental records of ENSO and NAO indices.
Model simulations were performed using the Community Climate System Model (CCSM 1.4) of the National Center for Atmospheric Research. The CCSM is a fully coupled global ocean-atmosphere-land-sea ice general circulation model, simulating the evolution of climate under external forcing conditions without the use of fl ux corrections (Blackmon et al., 2001) . The model faithfully reproduces modern ENSO variability and teleconnections (Blackmon et al., 2001; Kang et al., 2002; Otto-Bliesner and Brady, 2001) . A full spinup simulation was performed with idealized Miocene boundary conditions (see the Data Repository). After the spinup, the model was synchronously integrated for 395 yr; we analyzed the past 200 yr. This simulation is an extension of the runs described by von der Dijkstra (2005, 2006) .
RESULTS AND DISCUSSION
The LA-ICP-MS data show that the light-dark oscillations visible in the halovarve sequence mirror variable elemental chemistry (Fig. 1) , which in turn refl ects changes in the severity of evaporation and/or precipitation (see the Data Repository). Evolutive spectral analysis of the halovarve thickness record shows a subdecadal band characterized by elevated power at a frequency of ~0.25 (period ~4 yr). Intermittent elevated power is also observed at other frequencies within the 2-7 yr band (Fig. 2) . Hence, it appears that the evaporation-precipitation balance of the Mediterranean region during the Late Miocene was characterized by more stationary and sustained interannual frequencies than observed today (Luterbacher, 2006) . The spectrum bears a close resemblance to that of modern ENSO, which shows peaks in the subdecadal band sustained for several decades. In contrast, peaks in the modern NAO spectrum are neither sustained nor stationary, and power develops intermittently and migrates across frequencies.
The CCSM 1.4 simulation was then used to investigate whether the proto-Mediterranean was indeed teleconnected to Pacifi c ENSO variability during the Miocene. Mean extratropical sea-surface temperatures (SSTs) in the Miocene simulation are 4-10 ºC warmer than in a simulation of the present day (Selten et al. 2004; von der Heydt and Dijkstra, 2006) , whereas tropical temperatures are only slightly warmer. The mean SST difference between the east and west tropical Pacifi c is about the same as in modern simulations (Zelle et al., 2005) , but the location of the cold tongue in the eastern tropical Pacifi c is slightly shifted in the Miocene simulation. This may be due to higher mean temperatures, as suggested by Nnafi e et al. (2009, personal commun.) . Temporally, marked tropical Pacifi c SST variability is observed in the Miocene simulation ( Fig. 3A) with spectral peaks at 2.4-3.3 and 4.1-8.3 yr (Fig. 3B ). An empirical orthogonal function (EOF) analysis of the SST fi eld yields an ENSO-like SST pattern, slightly wider meridionally than in present-day climate simulations, possibly due to the larger Pacifi c basin and the open Central American Seaway of the Miocene (see the Data Repository).
Cross-correlation maps of the modeled Miocene NINO3.4 index and precipitation reveal a large area of positive correlation in the Mediterranean region that is greater than that observed in modern simulations (Fig. 4) . Within this area, we chose a region of high correlation close to the site of the halovarves (green box in Fig. 4B ) to defi ne a mean Mediterranean precipitation index (MPI) for the Late Miocene. Spectral analysis of the modeled MPI time series shows statistically signifi cant bands at 1.6, 2-3.3, and 4 yr that are coherent with the modeled NINO3.4 frequencies at the 99% signifi cance level (Fig. 5) . These results suggest that the relative strength of the ENSO teleconnection to the Mediterranean was greater in the Miocene than today. This is consistent with the argument that tropical climate variability should grow in importance as a factor in global (extratropical) variability in a warmer world, because high-latitude modes of variability should scale approximately with the meridional temperature (and hence pressure) gradients, which are generally considered to be reduced in past greenhouse climates (Huber and Caballero, 2003 ). Our Miocene simulation shows on June 7, 2010 geology.gsapubs.org Downloaded from atmospheric variability similar to the present NAO, but not on the time scales in question. The simulated Miocene NAO shows a broad, almost white spectrum and the correlation to Mediterranean precipitation is weak. A stronger relative infl uence of ENSO on Mediterranean climate potentially explains the interannual variability observed in other high-resolution Pliocene and Miocene records (corals, lake varves, tree rings) from the proto-Mediterranean (Brachert et al., 2006; Muñoz et al., 2002; Mertz-Kraus et al., 2009 ) and northern Europe (Kurths et al., 1993) .
However, geochemical records from the Equatorial Pacifi c suggest a reduced zonal SST gradient and thermocline tilt in warmer climatic periods such as the Pliocene (e.g., Chaisson and Ravelo, 2000; Ravelo et al., 2006; Wara et al., 2005) interpreted to represent a permanent El Niño state. This is diffi cult to reconcile with our results from the Late Miocene, which suggest both a sustained zonal SST gradient and ongoing ENSO variability. Earlier results, however, rely on the fact that the mean SST pattern, including the position of the cold tongue in the tropical Pacifi c, is the same as today. Model studies have suggested that this may not be the case, in particular for the Miocene Epoch, when the Central American Seaway was open (Nnafi e et al., 2009, personal commun.) . Therefore, the solution to this discrepancy could lie either in a difference between Pliocene and Miocene geometry, or an incorrect understanding of the processes controlling the mean-state thermocline or of the relationships between mean state and ENSO variability.
CONCLUSIONS
We have shown that the characteristics of interannual variability in a Miocene halovarve thickness record bear a closer resemblance to the modern ENSO spectrum than to the NAO. Model simulations provide evidence that the ENSO teleconnection to the Mediterranean was 
